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I. INTRODUCTION
The light emitted by a CO 2 laser at 10.6 lm is strongly absorbed near the surface of silica optics. The resulting heat deposition causes the viscosity to decrease, thereby increasing its ability to flow. Thanks to this aptitude to melt rapidly and locally the surface, the CO 2 laser is used in a large range of applications for optical manufacturing. One of the first applications was polishing optical components. 1, 2 This application has been developed for the optical industry 3, 4 and can be used for optics whose sizes range from several tens of centimeters 5 to a few tens of micrometers. 6 Recent developments have shown that the CO 2 laser is an interesting tool in the domain of micro-optical components 7 for fabricating precise micro-lenses 8 or improving the quality of diffractive optical components. 9, 10 For other applications, especially for damage repairing, 11, 12 it is necessary to reach much higher temperatures and the silica surface is not only fused but also partially ejected. 13 Depending on the final application, CO 2 lasers can be used in different fashions: mass loss should be avoided for polishing or surface smoothing, and mass ejection must be controlled for damage repairing. In order to know precisely in what state is the silica and to know how it will change under CO 2 laser irradiation, temperature at the silica surface is a good indicator. Our global interest is to understand the silica transformation and, more precisely, to understand the transition with the occurrence of mass ejection. Comparisons of 2D temperature evolution measurements with a microscopic characterization of the CO 2 impact on silica were used to achieve this goal.
Just as in an important experiment recently performed at LLNL, 14, 15 we used a thermal camera to obtain this temperature. Our experimental setup is discussed in Sec. II. We describe in detail the precautions needed for the metrology and the way we accurately calibrated the thermal camera. One of the main difficulties is to obtain a temperature calibration over a wide range of temperature (from 300 to 2500 K) with high spatial resolution. To achieve this, we performed the calibration with three different blackbodies and one of them was specially developed for macroscopic studies. Differences of our experiment with LLNL are situated mainly in our choices of dry silica (rather than wet), a different temperature measurement set-up with a spectral range centered on 7.9 lm (rather than 8.9 lm), and shorter laser duration (250 ms rather than 5 s).
In Sec. III we discuss the use of different microscopy observations that allow us to describe the physical transformation of silica. Conventional microscopy with oblique illumination gives high resolution images with good contrast, and permits us to visualize in detail the evolution of the silica transformation. A 3D measurement realized with an optical profiler complements the conventional microscopic images and gives depth information with a resolution as low as 0.1 nm.
In Sec. IV we describe the evolution of silica transformation as a function of the CO 2 laser power. Different forms of silica evolution are then discussed. With our experimental conditions (notably heating during 250 ms), crater formation occurs at a temperature below 2000 K, which corresponds to a temperature lower than which was recently reported. 16, 17 We suggest using the thermodynamic and kinetic theory of 0021-8979/2012/111(6)/063106/11/$30.00
V C 2012 American Institute of Physics 111, 063106-1 gas in order to calculate the maximum evaporation rate. We estimate the mass of vaporized silica as a function of laser power, and we show that this calculation is in good agreement with the silica crater dimensions.
II. INFRARED RADIATION THERMOMETRY
A. Design and setup
Measurement principle
Infrared (IR) thermography has been performed in order to measure the temperature at the surface of a silica sample during CO 2 laser heating. Our CO 2 laser operates at 10.6 lm, and delivers a maximum output power of 20 W with a stability of 5%. Measurements on the sample front surface permit us to choose the laser beams diameter at 700 lm 6 10% at 1/e 2 , and to calibrate the power interacting with the material. Such experimental conditions induce high temperatures in the range of 300-2500 K at the surface of the silica and a surface temperature gradient that requires high spatial resolution to be properly visualized. Moreover, the rapidly evolving phenomenon requires time resolution measurements of at least 2 ms.
The fused silica samples studied were cylinders of glass Suprasil 312 from Heareus, with a diameter of 50 mm and a thickness of 3 mm. As shown in Fig 1, the IR camera was positioned in front of the sample with a necessary angle of 30 relative to its normal, thereby allowing a free path for the CO 2 laser beam. Therefore, along the horizontal axis the recorded signal is weakly perturbed. A porthole was positioned between the silica sample and the infrared camera to avoid projections on the lens during silica ejection. The porthole is made of ZnSe and its transmission is equal to 70% in the IR range. All experiments were realized in ambient air.
Choosing the spectral range for measurements
In order to derive surface temperature from heat flux measured by the IR camera, the spectral range must be carefully chosen. In particular, the investigated material has to be optically thick in the appropriate spectral range, as compared with the internal temperature gradient. With our experimental configuration, a 2D-axially symmetric thermal diffusion calculation shows that for a surface temperature of 2000 K a temperature gradient of about 400 K per 100 lm is reached in the bulk. This calculation employed the same model that was used to evaluate the stress induced by the CO 2 laser 18 and used the software package COMSOL Multiphysics Version 3.2.
19 The conductivity as a function of temperature was provided by the glass manufacturer. 20 As a result, the optical depth of the material must be lower than a few lm to ensure accurate surface temperature measurements. Optical depth of silica in the mid infrared range [3-10 lm] continuously decreases with wavelength and becomes 10 lm for wavelengths !8 lm.
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In addition, the emissivity of the material is required to be known as a function of temperature. Figure 2 illustrates the temperature dependence of emissivity as measured by Rozenbaum et al. 22 We observe that for wavelengths !8 lm (1250 cm À 1 ) until about 10 lm (1000 cm
), the emissivity is temperature dependent. Furthermore, a given absolute uncertainty of emissivity is responsible for a higher uncertainty in temperature for lower emissivity than for higher ones. Finally, in this spectral range, the emissivity depends on the surface roughness of the sample.
The choice of the spectral range results from a compromise between these two statements. Therefore, the detection of IR radiation was achieved using a Stirling motor cooled mercury cadmium telluride (MCT) camera (JADE III by FLIR Systems) that detects radiation in the range of 7.8-9.2 lm. To limit detection to a single monochromatic band, a spectral monochromatic filter (from Spectrogon) centered on 7.9 6 0.05 lm at 1/e 2 , was also employed. A dedicated wheel integrated by the camera manufacturer allows us to place the filter between the lens and the detector.
Emissivity value used for temperature determination
The emissivity measurement in a direction normal to the surface of our sample was performed with an infrared spectrometer at room temperature. The results are in good agreement with data furnished by Brun, 23 ensuring that our sample has equivalent emissivity at room temperature. We then used his values of emissivity measured between 300 and 2252 K to take into account variations with temperature. In parallel, emission in volume has been considered. The emission factor resulting from the temperature gradient has been calculated by using our numerical code Mistral. 24 This code simulates one dimensional heat transfer coupled radiation and conduction in semi-transparent media. The calculation is performed at 7.9 lm with temperature profile in the sample resulting from the COMSOL simulation, and imaginary optical indexes given by Neuroth. 25 For a specified surface temperature, emissivity has been reduced according to the calculation to take into account the volume emission. Finally, a calculation indicates that the emissivity value at 30 is 3% lower than for normal incidence. 26 Following this procedure, emissivities are equal to 0.80 at 300 K, 0.82 at 800 K, 0.84 at 1500 K, and 0.82 at 2000 K. Uncertainty on emissivity is estimated to be equal to 6 0.05. In conclusion, we used an emissivity equal to 0.82 6 0.05 for all temperature measurements of our study.
Choosing the optical setup for measurements
Detection with a high spatial resolution was essential to accurately determine the temperature profile produced by CO 2 laser heating. Since in our experimental configuration the distance between the IR camera and the sample could not be less than 11 cm, the macroscopic lenses developed by FLIR Systems were unsuitable (working distance of 3 to 5 cm). As a result we used a 25 diameter germanium lens with a focal length of 50 mm. The lens was placed 70 mm from the detection matrix (by using an extension ring) and 175 mm from our fused silica sample. The magnification of our setup was 0.4 and was also checked by using a calibrated rule. The FLIR MCT camera uses a detection matrix with an array of 320 Â 240 pixels, each 30 lm 2 . Our maximal field of view was then 24 Â 18 mm 2 . The spot diagram in our setup was found to be around 80 lm of rms diameter.
Time resolution and integration time for measurement
For the highest laser power used in this study the silica surface reaches a temperature greater than 2000 K in about 100 ms at the center of the laser beam. To follow correctly such a rapid rise in temperature a resolution in time of at least 2 ms was required. Using the full size window (320 Â 240 pixels), the FLIR MCT camera runs at a maximum speed of 250 Hz, yielding a temporal resolution capability of about 4 ms. To reach our objective the detection matrix was windowed, and for each axis only one-fourth of the pixels were used (array of 80 Â 60 pixels), yielding a temporal resolution of 1 ms.
For our study, the large temperature range of interest [400-2500 K] requires different integration times to perform accurate measurements. Optimization during the calibration process gave the following times: 233 ls for the range 400-900 K, 68 ls for 800-1900 K, and 22 ls for 1700-2500 K. Depending on the laser output power, one or several integration times were chosen. Although a resolution of 1 ms was exploitable using one integration time only, to get a sufficiently large range of temperature we ran commonly two integration times, yielding a temporal resolution of 2 ms.
B. Camera calibration
The camera calibration has been performed with the extension ring and the protection porthole. Two steps were needed: a non-uniformity correction (NUC) of the detector pixel matrix and the creation of the correspondence file between numerical levels and blackbody temperatures.
NUC was performed following the manufacturer's procedure and made easier thanks to the high spatial resolution of our experimental configuration and to the windowing, both yielding to an observed image of 6 Â 4.5 mm 2 . Thus, a smaller uniform blackbody was required to perform the NUC. For each integration time, a NUC was realized at two different temperatures corresponding respectively to 30% and 70% of the full-scale digital level.
The calibration file creation required particular attention because classical blackbodies are unsuitable for macroscopic thermography. Commercially available blackbodies capable of reaching temperatures !1600 K necessitate indeed a distance larger than that of our configuration. Furthermore, large calibration sources produce heating of optical devices and detectors which is responsible for parasites that are not present during the measurement. As a result, the system has been calibrated in successive steps, using three blackbodies. First, classical calibrations were performed without the extension ring at a working distance of 80 cm to establish a calibration file covering the entire temperature range. Two blackbodies referenced as Oriel 67032 (Newport) and Mikron M390 C-2 (Mikron) with a temperature range of 300-1500 K and 900-3300 K, respectively, were utilized. Then absolute temperature measurements were performed with a microscopic blackbody appropriate to our experimental configuration including the extension ring and the working distance of the experiment. This blackbody, which is suited to our set-up, is illustrated in Fig. 3 . It was developed by the Laboratoire d'Energétique et de Mécanique Théorique et Appliquée (LEMTA) at the University of Nancy in France for another macroscopic measurement study. 27 Technical characteristics of this device are a cavity diameter of 2 mm and a temperature range of 600-1600 K.
For the full temperature range of this blackbody, camera measurements were very close to its temperature values with a maximal discrepancy of 10 K at 1500 K. This result confirms the validity of the calibration file, obtained without the ring and at distance of 80 cm from the source on the full temperature scale, for our experimental configuration.
C. Example of measurement
Before making the measurements reported here, preliminary work was carefully done with particular attention to the focusing, and also to the combining of signals recorded with different integration times. The focusing was first performed visually by observing a razor blade placed at the exact position of the sample. Then it was adjusted quantitatively by comparing temperature profiles of different focus points, and choosing that which gave the thinnest and most Gaussian profile. For a measurement performed with more than one integration time, the temperature evolution during the measurement was obtained by combining the different signals. This combination was realized at temperature thresholds previously defined throughout the camera calibration. Measurements with a 22 ls integration time were made for temperatures above 1760 K, recordings with 233 ls below 850 K, and between these two temperature thresholds the 68 ls integration time was used.
By varying the CO 2 laser parameters, the procedure we carried out consists of a thermographic analysis of silica surface heating during the laser irradiations as well as its cooling following the laser shut down. Each heating shot was characterized by the CO 2 laser duration and its power on the sample front surface, keeping the latter at a constant value throughout the pulse. For the study presented here, the laser pulse duration was fixed at 250 ms, and its power was investigated between 3 and 10 W. For each irradiation, a 2D surface temperature cartography as a function of time was recorded. As an example, Fig. 4 shows the spatial distribution of temperature 250 ms after the beginning of the CO 2 laser pulse with a power of 4.8 W on the sample front surface (a), together with profiles along the horizontal and vertical axis (b).
Although the spatial distribution of temperature presents a quasi-Gaussian shape [ Fig. 4(a) ], profiles along both axes show a discrepancy with this assertion [ Fig. 4(b) ]. Along the horizontal axis the recorded signal is weakly bent because of the camera location 30 off axis. Consequently, profiles corresponding only to the vertical axis are used for all measurements presented in this paper.
From above, the temperature uncertainty generated by emissivity, calibration, and optical setup are estimated to À 60 K/ þ 70 K and À 95 K/ þ 115 K at temperatures of 1300 and 2000 K, respectively. For a similar laser power of 4.8 W, spatial temperature profiles at different times are plotted in Fig. 5(a) . Following the data fit for each represented time, we observe that values recorded at 25 lm from the center of the beam can be considered as the on-axis temperature. This rises rapidly during the first 50 ms of irradiation and then it increases less rapidly. Such behavior was noted by Yang et al., 14 who used the term "steady state" to describe the quasi-absence of temperature variation during their long impulsions. The temperature gradient shows an analogous behavior in both radial directions, confirming that measurements along the vertical axis are not perturbed by experimental constraints. A comparison with our 2D-axially symmetric calculation is shown in Fig. 5(b) at the maximum of heating just before the laser shut down. The agreement between experiment and theory is reasonable, except near the maximum value, where the simulation underestimates the temperature by approximately 10%. These comparisons have to be correlated with the thermal conductivity data given by the manufacturer for temperature <1250 K. Our linear fit for higher temperature is probably an overestimation that could explain the divergence in Fig. 5(b) .
Results can also be presented in terms of temperature evolution as a function of time at the different radial positions, as shown in Fig. 6 for the same recording. The evolution of the silica temperature following the CO 2 laser shut down shows the very fast cooling of silica.
III. CHARACTERIZATION AFTER LASER IRRADIATION
A. Conventional microscopy As mentioned previously, for all experimental results presented here the laser beam on the sample front surface had a diameter of 700 lm 6 10% at 1/e 2 . Its impact on the silica surface has been detected by an inspection using 2012) conventional microscopy coupled with oblique illumination. An excellent reproducibility was observed when running the CO 2 laser with the same parameters. As an illustration, images of three silica areas irradiated with the same parameters are shown in Fig. 7 . For the two different laser powers, each surface modulation is well detailed and accurately duplicated even when the surface cleaning was not perfect. The evolution of the silica surface transformation as a function of laser power has been analyzed with this diagnostic. With a constant heating of 250 ms, no silica modification has been detected for power less than 3.3 W. At this value, the first silica alteration on a circular zone much smaller than the beam diameter was observed. As mentioned by Bennett and Li, 28 such behavior corresponds to a jump in fictive temperature that is large compared with the thermodynamic change. Several studies have shown that fictive temperature modification emerges at temperature ! glass transition. 17, 29 Therefore, the temperature reached for a power of 3.3 W is comparable to the annealing temperature of fused silica (T o ¼ 1390 K) as given by the manufacturer. 20 As shown in Fig. 8 , the modified area augments with the laser power and, as indicated by the alternating black and white zones along the light direction, circular undulations are formed. This surface rippling is formed by surface-tension gradients generated by temperature gradients. 30 For silica, this rim can be several micrometers high under conditions of irradiation. 31 For a power of 4.8 W, a crater zone appears to be formed at the center of the irradiated zone. Afterward, for higher energy deposition, this powerfully modified area expands with the laser power.
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From these observations, it looks as if two different mechanisms were involved in the alteration of the silica. For power range of 3.3-4.5 W, although surface modifications are important (as revealed by surface undulations), no evidence of matter ejection is visible. Mechanisms such as tensile surface forces, 30 viscous flow, 32 and densification 33 could explain those surface modifications. For higher power range of heating (>4.50 W), crater formation seems to indicate that a complementary process such as material ejection should be involved. 34 Such an evolution has already been evoked by different authors. 32, 33 A transition zone involving several mechanisms of silica transformation could be expected for powers in the vicinity of 4.5 W. To go further in this analysis, each crater has been characterized by a 3D measurement.
B. Interferential microscopy
In order to assess what occurs in the third dimension (collinear with the CO 2 laser beam), microscopy based on coherence correlation interferometry has been used to complement the oblique microscopy observations. Optical profiles of each irradiated site were measured using a 3D optical profiler (Talysurf CCI 3000 by Taylor Hobson). An objective with a magnification of 20 and a numerical aperture of 0.4 was used, which permits us to attain a measurement area of 0.9 Â 0.9 mm with an optical resolution of 0.9 lm.
Step height standards provided by the manufacturer were used to calibrate the measurement. The vertical resolution obtained with this instrument is better than 0.1 nm. Thanks to this diagnostic, we evaluated Fig. 9(b) ], the depth does not resemble a Gaussian curve. It is important to notice the scale difference between the radial axis (in lm) and the depth axis (in nm). From the wavy aspect of the edge we could expect some heated silica moving away from the hottest zone and from the central crater ($200 nm depth) some matter removal. This observation confirms that with the parameters of our CO 2 laser, the transformation of silica at a power of 4.5 W looks like a transition involving different mechanisms, as estimated from Fig. 8 .
C. Comparison of inspection using a microscope with infrared thermometry
The impact of the CO 2 laser on the silica surface has been analyzed by linking our different diagnostics. In Fig. 10 we display three complementary measurements on the same site heated during 250 ms with a power of 5 W. The image made using oblique microscopy [ Fig. 10(a) ] shows several circular waves surrounding a central hole. This observation is confirmed thanks to the profile of the deepest zone obtained by interferential microscopy [ Fig. 10(b) ]. The blue circle delimits the total surface of silica modified by heating, and the red circle the border of the crater that was formed. Finally, spatial maxima of temperature recorded at the end of the laser irradiation by infrared thermometry are given for comparison [ Fig. 10(c) ].
Since the silica sample used in this experiment has a surface roughness less than a few nanometers, we establish that silica has been transformed when surface variations reach 10 nm (blue circle). By looking together at Figs. 10(a) and 10(b), it emerges that the missing silica linked to ripples surrounding the crater (between blue and red circles) is negligible compared with the crater volume of ejected silica (under the red circle). Keeping the same spatial scale and reproducing the limit of these two distinct areas on the measured temperature profile we deduce the corresponding temperatures [ Fig. 10(c) ]. The temperature of 1370 ( À 60/ þ 70) K related to the beginning of silica alteration (blue circle) is in good agreement with the value of the annealing point of fused silica (T o ¼ 1390 K). 20 On the other hand, a temperature of 1760 ( À 80/ þ 100) K is associated with the crater edge (red circle). This crater has a diameter of 150 lm, and a central depth of 2.5 lm, which indicates significant matter removal. We note that the depths of the ripples have variations on the order of a few hundreds of nm as measured by Shen and co-workers. 10 In their study the authors mentioned that they were in the non-evaporative regime with temperatures in the range 1140-1960 K in reasonable accordance with our measurements. To our knowledge, the values for the silica vaporization threshold mentioned in the literature 14,16,17,35 vary from 2200 K (Ref. 16 ) to 2800 K, 14 but their criterion is not clearly defined. Moreover, Yang and co-workers 36 have stated that ablation may occur at a peak surface temperature of 2000 K, and report a measured micrometer-sized crater at this temperature. With the criterion of significant matter removal as defined above, we find a vaporization threshold of 1760 ( À 80/ þ 100) K. To increase our understanding of this phenomenon, we carried out a sequence of measurements with variations of the laser parameters.
IV. RESULTS AND DISCUSSION
The CO 2 laser power is the only parameter considered in this work, with an irradiation time fixed at 250 ms. First we compare the on-axis temperature evolution (Fig. 11) , which is in reality off-center by 25 lm as mentioned in the comments of Fig. 5 .
We see that for temperatures exceeding 2100 K, related to a power greater than 5.8 W, the measurement is strongly perturbed, indicating that some matter has been ejected. We know from Fig. 10 that at the center of the irradiation, with a laser power of 5 W, already 2.5 lm of silica were removed in depth, for a temperature <2100 K. Also, for power above 5.8 W, since the IR thermography recording is focused on the surface, the production of increasingly deeper craters strongly perturbs the measurement. Moreover, if a gas is generated in front of the crater, even more perturbations of the temperature measurement could be produced. The temperature reached at the laser highest powers exhibit a quasiflat evolution, which characterizes this quasi-continuous ejection of matter from the surface of the silica.
Temperatures derived from IR camera measurements were compared with characterizations of the silica surface, again by varying the CO 2 laser power. The depth [ Fig. 12(a) ] and diameter [ Fig. 12(b) ] of the craters, together with the on-axis temperature reached at the end of the heating [ Fig. 12(c)] , are plotted as a function of the laser power. The same measurement procedure as for Fig. 10 was used for crater dimension.
On one hand, we know from above that the heating alters the silica at a power of 3.3 W, and on the other hand, at the vicinity of 4.3 W crater formation emerges as indicated by the crater diameter measured after silica re-cooling 2012) [ Fig. 12(b) ]. These two transitions are indicated in Fig. 12 by the color boundary: white-green for 3.3 W and green-red for 4.3 W. The respective on-axis temperatures reached at the end of the irradiation are then known by the IR thermography recording [ Fig. 12(c) ]. As expected, the temperature of 1400 ( À 60/ þ 70) K found for the beginning of silica transformation concords with the manufacturer's reported annealing temperature, To ¼ 1390 K. We find that a temperature as low as 1660 ( À 70/ þ 85) K corresponds to the beginning of crater formation. Figure 12 points out a transition zone in the range of 4.3-5.5 W, where evolution of the craters, as a function of the laser power, both in depth [ Fig. 12(a) ] and in diameter [ Fig. 12(b) ], indicate a nonlinear vaporization regime for silica removal. We propose here a quantitative explanation for such crater formation. As others before, 34 we will assume that the major physical process is the ejection of silica. Although the real rate of ejection is hard to calculate, thermodynamics and the kinetic theory of gases allow us to evaluate the maximum rate of ejection in vacuum at any temperature T. Briefly stated, the argument is the following: 37 when a liquid is in equilibrium with its vapor, the number (dN) of gas molecules hitting the condensed surface (S) per unit time (t) can be computed under the perfect gas assumption: average velocity, with R the perfect gas constant and M the molecular weight of the molecules. Since the liquid-vapor equilibrium requires that the condensation and vaporization mass flux be equal, the maximum value for the latter (with the assumption that the evaporation coefficient equals unity) reads
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RT is the density of the saturating vapor, and P sat its pressure. Let us suppose now that the vapor is removed. Although there is no longer equilibrium, the thermodynamic conditions inside the liquid phase may not be altered and the mass flux out of the condensed surface remains the same, leading to the upper limit for the rate of ejection. The theory of evaporation proposed here presents some important assumption. First we neglected vapor redeposition. This process can occur from the "backflow" component in the Knudsen layer, as well as from the diffusion layer where the higher gas density slows down the spread of the vapor. This process can become even more important at the end of the laser pulse, when the rapid surface temperature drop may "suck back" the vapor. Neglecting this process, however, leads to overestimating the vaporization flux and is thus consistent with the assumption that our model gives an upper limit for the rate of ejection under 1D geometry. But, radial temperature gradient effects are clearly important, with radial gas diffusion transferring vapor several millimeters outwards. This 2D effect contributes to decreasing the vapor redeposition in the laser spot, making the previously mentioned neglected terms really negligible in our experimental configuration.
In the case of fused silica, various chemical reactions are involved in the ejection equilibrium. 38 The most recent vapor pressure measurements of silica in the 1700-2000 K range 39 have led to the following relation:
where DH v and DS v denote the enthalpy and entropy, respectively, of ejection and P 0 ¼ 1 bar. Setting U ¼ DH v , Eq. (1) can be written as FIG. 12 . Characterizations of the silica surface evolution as a function of laser power: (a) on-axis depth measured after re-cooling, (b) crater diameter acquired with the same data, and (c) on-axis temperature reached at the end of the irradiation. Colored zones demarcate different silica modification.
where T b ¼ DH v /DS v is the standard boiling temperature, i.e., at pressure P 0 . With this notation, the thickness Dh of ejected matter can be computed from the surface temperature measurements of the liquid T(t)
Following the recent review 40 where a fit is proposed to the experimental data, 39 we will assume U ¼ 425 kJ/mol. Then, for the standard boiling temperature, utilizing the most recently referenced value, T b ¼ 2500 K, 16, 41 our model predicts results in good agreement with our experiment. From the theoretical description of the chemical species in the vapor phase, 38, 40 we assume that more than 90% of the molecular species are diatomic molecules SiO and O 2 . Thus, we take an average molecular weight M ¼ 40 Â 10 À 3 kg/mol. We then evaluate numerically the integral in Eq. (3) . Comparison between experimental results and calculations is given in Fig. 13 .
For power 4.3 W, as previously mentioned, other mechanisms such as tensile surface forces, 30 viscous flow, 32 and densification 33 play a more significant role in altering the silica than does the ejection. However, for crater formation in the range of 0.1-10 lm calculations that use ejection as the major physical process describe correctly the measured on-axis depth. Again, for power !5.5 W discrepancies are observed. But as mentioned above (Fig. 11) , measured temporal temperature profiles beyond this power threshold may not be reliable. Some other known mechanisms could be incorporated in our calculation, such as front surface gas emission perturbing both laser heating and IR thermal emission, crater formation changing the measured surface, and vapor redeposit as mentioned before.
After focusing on the alteration due to laser heating on the central part of the illuminated silica, we look at the lateral impact of such irradiation. Figure 14 shows, for different laser power levels, the maximum temperature reached at the end of the irradiation as a function of the radial position.
The on-axis temperature increases with the power in the same proportion as the lateral temperature, demonstrating that thermal non-linearity is negligible for temperatures less than 2100 K. From fitted spatial temperature profiles, we extracted diameters reached by a fixed temperature for a range of incident laser powers. These diameters are shown in Fig. 15 as a function of the power level for the indicated temperature values, together with measured crater diameter with the same crater diameter shown in Fig. 12(b) . Surprisingly, the temperature attained at the edge of a crater increases with the heating power. It looks as if when the energy deposited in the silica increases, the temperature of the ejected material at the periphery also increases. But the diameters of craters were measured after silica re-cooling, and isotherm diameters relate to temperatures reached at the end of the CO 2 laser irradiation, thus before silica re-cooling. During laser irradiation, the induced temperature gradient creates a large variation of silica viscosity, which engenders a displacement of silica toward the rim. 31, 32 Such movement continues until the silica cools, and for any choice of laser parameter rising rims are formed. Moreover, condensation of the evaporated silica contributes to the rim formation during and after the laser irradiation. 16 Thus, the apparent temperature difference at the crater edge could be explained by a shift of matter during silica re-cooling along with silica redeposit. By considering a temperature of 1650 K as the threshold for matter ejection, one finds an overestimation of the crater perimeter by about 50%. Thanks to the model described above, we calculated at each radial position of the crater its depth by using the measured temporal profile. Hence an estimation of the crater contour can be made. A comparison with the spatial profile obtained by interferential microscopy is illustrated in Fig. 16 The calculated profiles are comparable to those found experimentally. At the center of the beam, in a diameter of about 100 lm and where the power decreases from 5.3 W to about 4.2 W, the very good agreement confirms the previous results of Fig. 13 . Nevertheless, a discrepancy is observed at the location of the rising rim present after re-cooling that is not reproduced by the calculation. We interpret this difference by the combination of two effects: the radial liquid flow under the surface during irradiation, as indicated by black arrows, and the condensation of evaporated silica. It is noticeable that an opposite effect was observed for power less than 4.2 W, when we compared our model with experimental depth measurements in Fig. 13 . However, in this case the crater formation has been attributed to tensile surface strengths. 30 
V. CONCLUSION
In situ measurements of temperature as a function of time on a silica surface undergoing CO 2 laser irradiation have been performed using a high-performance infrared camera. The morphology of surface damage was observed and quantified using oblique illumination microscopy and interferential microscopy. This characterization furnished precise data concerning the diameter and depth of craters produced by the laser heating. For a fixed laser pulse duration of 250 ms, the effect of varying the laser power was established. By comparing the maximum temperature reached during the heating with diameters and depths, certain regularities were observed. The most important result is that significant craters (depth in range (0.1-10 lm)) are certainly formed at temperatures less that 2000 K. A simple model for the ejection of silica from the irradiated zone is proposed and found to make predictions in agreement with the data over a certain range of laser power. A prevailing notion in laser generated surface damage is that two regimes exist, either a soft transformation at low power (temperature <2000 K), or vaporization at high power (temperature >2200 K). Our results suggest that a transition zone exists between these two extremes. This region concerns a low evaporation regime, but sufficient to make craters that can be differentiated from densification effects, and whose depths fall in the above-mentioned range. To describe such weak evaporation we propose a thermodynamical approach, notably different than what is commonly used, and better suited to when the evaporation rate is more strongly dependent on the temperature. 34, 35 We have also observed that beyond this region, the catastrophic evaporation perturbs significantly the temperature measurement. This information may have important consequences for the use of CO 2 lasers in repairing damaged optical components. 
